A novel post-treatment process was employed to seal a plasma-sprayed
INTRODUCTION
From an economic point of view, steel is a kind of suitable material for many applications [1] . Manufacturing ceramic coatings with high wear-, corrosionresistance is important for many industrial processing applications [2, 3] . As a mature technology, thermal spraying process has been widely used to deposit ceramic coatings on different metals, such as steels [4, 5, 6] , irons [7] , aluminium alloys [8] , superalloys [9] to protect the substrate from wear [10, 11] , corrosion [12] , thermal fatigue [13] and cavitation erosion [14] for a long service life. Oxide ceramics, due to their excellent properties including high hardness, high chemical inertness [13, 14] in a variety of aggressive environments [15] , and good wear resistance, are promising candidates as corrosion-resistant coatings in industrial applications, although there are some inevitable defects in the coatings [16, 17] . Generally, the defects come from unmelted particles, inadequate flow or fragmentation of molten particles under impact status, shadowing effects caused by an improper spraying angle, and entrapped gas [18] . Moreover, vertical and horizontal cracks or pores may occur due to the high cooling rate of the individual splats and poor inter-lamellar bonding [19] . Accordingly, these structural flaws result in not only a bad corrosion resistance of coating-substrate system but also poor mechanical properties as well as wear resistance of the coating [16] . Hence, a lot of attention has been paid to reduce the pores and cracks. Although the optimisation of the spraying parameters has brought a decrease in the porosity, it is hard to obtain a completely dense ceramic coating without any cracks [6] , which means the transportation of corrosive medium to the substrate cannot be prevented still. Therefore, a number of posttreatments have been adopted to the plasma sprayed ceramic coating to reduce the pores and cracks, such as laser remelting, inorganic sealing treatment [16, 20, 21] . Laser remelting process can make it possible to obtain a perfectly cohesive coating; however, some micro-cracks may still exist in the coatings due to the thermal shrinking and rapid cooling rate [16, 22] . For the conventional sealing treatment, the sealant cannot always penetrate deeply into the coating through the open micro-pores and micro-cracks due to its surface tension and viscosity.
In this study, a novel sealing treatment with ultrasonic excitation is introduced, which can effectively decrease the porosity and improve the corrosion resistance of the coatings. Owing to the localised high temperature [23] and pressure caused by ultrasonic cavitation [24] , the tiny bubbles collapse [25] and escape in those working areas. Meanwhile those activated bubbles could also enhance the fluidity of the sealant and interaction between the coatings and the sealant. So, the micro-pores and micro-cracks can also be sealed to a large extent by the sealant, while they are difficult to be sealed in conventional impregnating sealing treatments without ultrasonic excitation.
EXPERIMENTAL
Plasma sprayed NiCrAl/Al 2 O 3 -13 wt. % TiO 2 (AT13) coatings were deposited on mild steel with atmospheric plasma spray equipment (PRAXAIR-3710). The plasma spraying was carried out with the spraying parameters in Table 1 . The thickness of the bond layer and the working layer were approximately 60 ~ 80 μm and 270 ~ 300 μm. All substrates were machined to the size of 24 × 24 × × 6 mm, and blasted before spraying to obtain a rough surface (Ra ﹥ 25 μm).
Before sealing, the coatings were ultrasonically cleaned and dried at 70 °C. A silicone resin having the properties shown in Table 2 was used as the sealant and the sealing treatment was performed with the method of soaking in the sealant. The coatings were sealed at 20, 40, 60, 80 °C respectively and impregnated in the sealant for 60 min under a field with a frequency of 40 kHz, as illustrated in Figure 1 . The ultrasonic generator kept vertically to the sealing surface of coating. The sealed coating was dried in the air first for about 20 min and then cured at 115 °C in the oven for 15 min. After that, the coating surface with the residue of the sealant was ground using 1200#SiC grit to ensure that the ceramic surface of the coating was exposed in order to be tested.
The corrosion resistance of the AT13 coatings was evaluated using 5 wt. % NaCl solution spraying test at 35 °C. After each corrosion test, the samples were cleaned under running water, and then air-dried first for 30 min and then dried in an oven at 115 °C for 2 hours. An electron balance with a sensitivity of 10 -4 g was used to measure the weight loss of the samples before and after the spraying test.
The electrochemical corrosion properties of the coating were performed using a PARSTAT 2273 Advanced Electrochemical System. A neutral solution containing 5.0 % NaCl in deionised water was used as the electrolyte. The electrode potential was raised from -250 to +250 mV with a rate of 1 mV•s -1 , and the current flowing through the coating-substrate system was recorded. Also, a calomel electrode was used as the reference electrode and a platinum one was used as the auxiliary electrode. In addition, the contact area in all the cases was 1 cm 2 . A stabilisation period of 30 min was employed before the test.
For comparing, the corrosion performance of the as-sprayed coating and a conventional sealed coating were also investigated. The conventional sealing process was similar to the ultrasonic sealing process except that no ultrasonic was applied. The morphology of the corroded coating was observed under an OLMPUS-BX51M optical microscope (OM) and a HITACHI-3400N scanning electron microscope (SEM).
RESULTS

Salt spray tests
The cumulative weight losses of the coating in 5.0 wt. % NaCl salt spraying corrosion test are given in Figure 2 . Generally, the as-sprayed coating had a greater weight loss than any sealed coating. It meant the sealed coatings had better anti-corrosion resistance than the as-sprayed coating. From Figure 2 , it can be seen that at the first stage, both the as-sprayed coating and the ultrasonic sealed coating at 80 °C had a much higher weight losses than the other sealed coatings. After 30 days, the as-sprayed coating kept the highest cumulative weight loss still, but the cumulative weight loss of the sealed coating increased more slowly. Especially for the ultrasonic sealed coating at 80 °C, its cumulative weight loss was close to the conventional sealed coating. After the 72-day spraying test in 5 wt. % NaCl, the weight loss of conventional sealed coating was 65.2 % of the as-sprayed coating and the ultrasonic sealed coating at 40 °C had the lowest cumulative weight losses. Its cumulative weight loss was approximately 46.2 % of the conventional sealed coating, and 30.1 % of the as-sprayed coating. The different coating ranked in the sequence of the cumulative weight loss, from low to high, was the ultrasonic sealed coating at 40 °C, the ultrasonic sealed coating at 60 °C, the ultrasonic sealed coating at 20 °C, the conventional sealed coating, the ultrasonic sealed coating at 80 °C and the as-sprayed coating. So, it can be concluded that the sealing treatments with ultrasonic excitation could improve the anti-corrosion resistance of the plasma sprayed AT13 coating efficiently, and the sealing temperature had an effect on the corrosion resistance.
The surface images of the coating corroded for 72 days with 5 wt. % NaCl salt spraying test are given in Figure 3 . A large number of cracks and flaking failures were observed in the as-sprayed coatings, as seen in Figure 3a -1, 3a-2. Some corrosion products and spots of failure were also found on the conventional sealed coating (Figures 3b-1, 3b-2 ) and the ultrasonic sealed coating at 80 °C (Figures 3f-1, 3f-2) . No corrosion products and cracks were found on the surface of the ultrasonic sealed coating at 20 °C, 40 °C (Figure 3c,d ). A yellow point, Area C, was found on the surface of the ultrasonically sealed coating at 60 °C, as shown in Figure 3e -1. Its SEM image is shown in Figure 3e -2. It can be seen that there were some micro-cracks on the corroded surface.
As shown in Figure 4a , it can be clearly seen that some partially and/or fully melted particles, structural flaws such as cracks and pores were distributed on the surface of the as-sprayed coating. The corrosive medium can penetrate the coating through the open pores and/or cracks to the substrate. Corrosion takes place at the boundary of the ceramic coating and the steel substrate and the volume expansion of its corrosion products will develop the inner stress and cracks. With the development of the corrosion, some areas of the coating would flake off unavoidably. From the test results, as shown in Figures 3b-1, 3b-2 and 3f-1, 3f-2 , it could be supposed that when the sealing process was used, the pores and cracks were sealed, as shown in Figure 4b . During the salt spray test, the sealant in the pores and cracks would gradually also be corroded. When the sealant in the pores and cracks was corroded off, the corrosion medium would pass through the ceramic coating to the pores and/or cracks to corrode the steel substrate and the result that some spots of the coating would flake off. For this reason, the deeper the sealant penetrates into the coating, the better the anti-resistance of the sealed coating. The typical cross-section images of the corroded coatings are given in Figure 5 . A big crack and some corrosion products were observed on the interface between the substrate and as-sprayed coating, as shown in Figure 5a . The path of the cracks preferentially was seen clearly along the boundary of the coatings and the substrate. Some tiny corrosion products and microcracks were also found on the cross-section image of both the conventional sealed coating and the ultrasonic sealed coating at 80 °C (Figures 5b and 5d) . However, as shown in Figure 5c , the corrosion phenomenon of the ultrasonic sealed sample at 40 °C was not obvious, and there were only some micro-pores in the working layer. From the typical cross-section images of the corroded coatings, it was concluded that ultrasonic sealing had a better effect to protect the plasma sprayed coating from the corrosion than the conventional sealing. Besides, the sealing temperature had an obvious effect on the sealing quality. The ultrasonic sealed coatings at 40 °C performed the best.
Electrochemical corrosion tests
The Tafel polarisation curves of the as-sprayed coatings, the conventional sealed coatings, the ultrasonic sealed coatings in the 5.0 wt. % NaCl solution are showed in Figure 6 . Since the corrosion current density (I corr ) and the corrosion potential (E corr ) are two critical parameters, the corresponding corrosion potential (E corr ) and corrosion current densities (I corr ) are measured and listed in Table 3 .
As well-known, a higher value of the corrosion current density and/or a more negative value of the corrosion potential would indicate that the coatingsubstrate system has less resistance to corrosion. From Table 3 , it can be found that the substrate exhibited a lower corrosion resistance than any coating. Among all of the coatings, the as-sprayed coating had the lowest corrosion potential (E corr ) and the highest corrosion current densities (I corr ), which probably resulted from the fact that the corrosive medium immersed into the coating through the open pores and cracks. A high current density meant that the coating had a large volume of open porosity and, thus a high corrosion rate. The conventional sealed coating had a higher E corr value (-0.562V) and a smaller I corr value (0.495 μA•cm -2 ) than the as-sprayed coating, which meant that conventional sealed coating had better anti-corrosion resistance than the as-sprayed coating. Among all of the ultrasonic sealed coatings, the coating sealed at 40 °C with ultrasonic excitation had the lowest I corr value (0.125 μA•cm -2 ), about 60 % of the as-sprayed coating; this test result was consistent with the findings during the spraying test that the ultrasonic sealed coating at 40 °C had the lowest cumulative weight losses, as seen in Figure 3 . The coating sealed at 80 °C with the ultrasonic excitation had the lowest E corr value (-0.468 V) and biggest I corr value (0.634 μA•cm -2 ). It meant that the ultrasonic sealed coating at 80 °C had the worst anticorrosion properties among all the ultrasonic sealed coatings. This result reflected the fact that the sealing treatment can improve the anti-corrosion resistance of the plasma-sprayed AT13 coatings effectively. The sealing treatment with ultrasonic excitation can strengthen the sealing effectiveness of the coatings. From the test results of Table 2 , it is not difficult to conclude that the proper temperature for the AT13 coating to be sealed under ultrasonic excitation should be 40 °C. Figure 7 is the composite plot of the current densities and weight loss of the different coatings from the electrochemical corrosion tests and salt spray tests. It showed that the regulations of the weight loss of the different coatings had a good relationship with the current densities in the 5.0 wt. % NaCl solution. For the steel substrate, the as-sprayed coating and the conventional sealed coating, the current density and the weight loss decreased correspondingly. For the ultrasonic sealed coating, the current densities did not change too much, the weight losses changed a little except for the coating sealed at 80 °C, which had the biggest weight and current density among all of the ultrasonic sealed coatings, but its weight loss increased too quickly, compared with the increase of the current density. 
DISCUSSION
As well-known, ceramics have excellent chemical stability. It should protect the steel substrate well from corrosion in a 5.0 wt. % NaCl solution. Unfortunately, there are certain micro-pores and micro-cracks in the assprayed ceramic coating due to the characteristic of the formation of the coating [17, 18, 26] . Some of the open pores and cracks will act as the tunnel for the corrosion medium to penetrate the coating to corrode the substrate. As was shown in Figures 3-7 , the sealing treatment under ultrasonic excitation can greatly improve the anti-corrosion resistance of the coating. It could be considered due to the sealing effect of the process. The previous study revealed that the sealing treatment under an ultrasonic field could effectively decrease the porosity of the plasma sprayed AT13 ceramic coating [27] . More sealant was filled into the porosity through the open micro pores and cracks of the coating. As a result, more tunnels of the corrosion medium were blocked by the sealant and less corrosion will take place.
Ultrasonic excitation plays an important role in sealing treatments. It may be the ultrasonic cavitation effect first which produces a force at the interface between the coating and the sealant solution to push the sealant into the pores and cracks. Secondly, the ultrasonic excitation can accelerate the activation of the sealant resin and improve the wettability of the sealant to the ceramic coating. Meanwhile, the ultrasonic excitation can reduce the viscosity of the sealant due to the fact that the ultrasonic sealant produced a number of localised hot spots [23, 25] . Compared with conventional impregnating sealing, ultrasonic excitation sealing can seal more pores and cracks, even those micro-pores and micro-cracks which may not be sealed with a conventional sealing treatment. With the force produced by ultrasonic excitation, more sealant can be pushed deeper into the pores and cracks. As a result, the ultrasonic sealed coating has less cumulative weight losses during the salt spraying test (shown in Figure 2 ) and lower corrosion current densities and higher potentials (shown in Table 3 ).
In addition, the effect of the ultrasonic excitation on the sealing treatment was affected by the temperature. When increasing the sealing temperature from 20 °C to 60 °C, the porosity of the coating clearly decreased, and the corrosion resistance correspondingly increased. However, the corrosion resistance of the coatings cannot be further improved when the temperature is over 60 °C. The coating sealed at 80 °C with ultrasonic excitation had a lower corrosion resistance than the coating sealed at 40 °C to 60 °C with ultrasonic excitation, as shown in Figure 2 and Table 3 . This is because the sealant solution is a liquid mixture based on alcohol with a low boiling point of 78.2 °C. When the sealing temperature is over 78.2 °C, the sealant solution begins to boil and a lot of bubbles are produced. Adsorbing them on the coating surface would produce a negative effect on the sealing treatment.
CONCLUSIONS
A novel post-treatment process was employed to seal a plasma-sprayed Al 2 O 3 -13 wt. % TiO 2 coating to improve its corrosion resistance. The effect of the sealing treatment on the corrosion behaviours of the coatings were investigated with salt spray tests and electrochemical methods. The following conclusions can be drawn from this work:
• Comparing to the conventional sealing process, the ultrasonic excitation had a reinforced effect on the sealing treatment of AT13 coating. After 72 days of salt spray testing in 5.0 wt. % NaCl, the weight loss of the ultrasonic sealed coating at 40 °C was approximately 46.2 % of the conventional sealed coating, and 30.1 % of the as-sprayed coating.
• The ultrasonic sealing treatment could improve the electrochemical corrosion resistance of the Al 2 O 3 -13 wt. % TiO 2 coating in the 5.0 wt. % NaCl solution. The ultrasonic sealed coating at 40 °C had the lowest I corr value of 0.125 μA•cm -2 , much lower than the value of assprayed coating (20.74 μA•cm -2 ) and the value of conventional sealed coating (0.495 μA•cm -2 ).
• The temperature was a key factor during the sealing treatment when an organic resin was employed to seal the coating. The coating sealed at 40 °C has the lowest corrosion weight loss, lowest corrosion current densities (I corr ) and highest corrosion potential (E corr ).
